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ABSTRACT

To obtain cost effective strapdown navigation, guidance and stabilization
systems to meet anticipated fuiure needs a standardized modularized strapdown
system concept is proposed. Three performance classes, high, medium and low,
are suggested to meet the range of applications. Candidate inertial instruments are
selected and analyzed for interface compatibility., KElectronic packaging and
processing, materials and thermal considerations applying to the three classes
are discussed and recommendations advanced, Opportunities for automatic fault
detection and redundancy are presented. The smallest gyro and accelerometer
modules are projected as requiring a volume of 26 in3 and 23,6 ins, respectively.

Corresponding power dissipation is projected as 5 watts and 2. 6 walts, respectively.
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CHAPTER 1
INTRODUCTION
1.1 Task Iden{ificatio-rl and Deéériptién

Tasks 4, b and 6 (see Preface) of contract modification number 8 describe
the Inertial System Strapdown Concept effort., The basis for determining the study
requirements was developed from consideration of the history, current staius and
future applications of inertial guidance,navigation and control systems, Historically
these inertial systems have heen developed individually to meet the specific
requirements of the manned space, bogster, satellite or entry vehicle with which
they were intended to function. Implementétion of similar functions in the various
systems have reflected the individual decisions made for each system, Standardization
even at the lowest level was non-existent, For example, Table l.1-1 lists
representative applications that have employed strapdown systems; sponsors, purpose
and gyro types. This state of affairs can probably be considered normal for rapidly
developing art, but the burgeoning number and variety of current and proposed system
applicat_ioné; space. shuttle, scientific and observation satellites and guided vehicles
of all k.inds! make it increasingly evident that the possibility of a better long run

approach needs to be explored,

Recognizingthe broéd spectrum of individual system performance requirements
which rh_ight’ be specified and the cost constraints which are necessarily being applied,
this study sought {o determine the feasibility of creating a standard strapdown gyro
and accelerometer module concept, with suitable performance and interface
requirements, that would encompass the requirements for a wide variety of potential
inertial system applications, A'furidamental goal was to determine if a standardization
approach that would enable the use of proprietary and non-proprietary vendor
instrument sourcescnan interchangeable basis was possible, The competitive cost
and logistic advantages inherent in such a potential are self-evident. Thus, as a
first step, Task 4 calls for the identification of currently available production or
developmental instruments that would be candidates for a standardized module design,
their respective design and performance features, their mechanical, electrical and

thermal interface and the prospects for application compatibility,

On the basis of ihe results of Task 4, the objective in Task 5 was to develop
the concepts and ground rules which should apply to the module design, taking into
account such elements as system applications, performance requirements, electronic
design and packaging, thermal contirol requirements, integration level, design and

acquisition costs and module size, weight and power requirements,



Table 1. 1= Strapdown Inertial Systems Deployment
Representative Milestenes For Strapdown Systems*

: Sponsoring .
Mission . Configuration Gyro Cyro Tyret
Category {vehicle) Agergié’rGyro Functton {number) 1dentification yre Lre
Launch AgenaB USAF/Lockheed Guidanece, Strapdown (3) Honeywell GGT6 SDF-RI
vehicles Flight control
and Guidance, Strapdown (3) 2 Honeywell GG78  SDF-RI
boosters . .
Flight control
1 Honeywell GGBY
Agena USAF/Lockheed Guidance, _ Strapdown (8) Kearfott 2564 SDI-R1
Flight contraol
Navigation, Strapdown (3) Honeywell GG-334 SDF-RI
Guidance, .
Flight control
Atlas LeRC/Convair Flight control, Strapdown (3)  Honeywell GG87 SDF-H]
{SLV-3A) Stabilization Strapdown (3) Nortronics GRII4T  SDF-rate
Burmer2  USAF/Boeing Guidance Strapdown (3) Honeyweil GG-49 SDF-RY
Centaur LeRC/Convair  Cuidance, Plotform (8}  Honeywell GG49 SDF-R!
) Attitude reference
Delta NASA/Douglas  Guidance Strapdown (3) Hamilton Std. SDF-R’
‘ RI-1139E
Saturn IB MSFC/Chrysler  Guidance, Platform {3)  Bendix AB-5-K4 SDF-Dal
Stabilization Strapdown (9) Nortronics GRHAT ~ §DF-raie
Satun V. MSFC/Boeing Stabilization, Strapdown {8) Nortronics GRH4T  SDF-rate
Guidance, Platform (3} Bendix AB-5-K8 SDF-T AT
Navigation
Scout LaRC/LTV Guidance, Strapdown (3) Honeywell GG87 SDF-R
Stubilization Strapdown (3) SDF-ra’e
Titan IIIB  USAF/MMartin Guidance Strapdown (3)  Kearfott 2536 SDF-R
" {wide angle)
Stabilization Strapdown (2) Kearlott 2536 SDF-Ri
(rate}
Titan IHIC  USAF/Martin Guitlance Platform (3) Deleo 651G SDF-R’
Stabilization Strapdown (3} Keaefutt 2538 SDF-RI
(mtu) -

aRI == rate-integrating; DRI = double rate-integrating.

#
Table extracted from NASA-SP-8096 ""Space Vehicle Gyroscope Sensor Applications”
by William C. Hoffman and Walter M. Hollister

[



Table 1.1-I —~ {(continued)

Sponsoring ]
Mission . Configuration Gyro ;
F Gyro T
Category (vehicle} Agen‘j'z'é:}ym unction (number) Identification yro-lype
Space- Apollo CM MSC/NAR Navigation, Platform (3)  AC 25IRIG SDF-RI
craft Stabilization
‘ Stabilization, Strapdawn (3) Honeywell CGG248 SDF-RI
Display (wide angle
or rate)
Stabilization, Strapdown (3) Honeywell CG248 SDF-RI
Display “(rate)
Stabilization S\trapdown (3) Kearfott 2021 SDF-rate
Apolioc LM MSC/Grumman  Navigation, Platform (3}  AC 251RIGC SDF-RI
Stabilization
MSC/TRW Navigation, Strapdown {3) Hamilton Std. SDF-RI
© Stabilization RI-1139
ATM MSFC Pointing, Strapdown (3) Kcarfott 2519 SDF-RI
. Stabilization
Biosatellite ARC/G.E. Attitude referencé, Strapdown Honeywell JRT45 SDF-rate
_ Stabilization
ERTS :GSFC/G.E. Stahilization, Strapdown (1) Kearfott 2564 SDF-RI
Attitude reference,
Initial stabilization  Strapdown (1} Nortronics GRH4 SDF-rate
Explorer GSFC/ Stabilization Strapdown Honeywell JRT45 SDF-rate
a1
. Gemini MSC/McDonnell  Stabilization Strapdown () Honeywell MS.133  SDF-rate
: Navigation Platform (3) Honeywell GG-8001 SDF-RI
Lunar LaRC/ ﬁoéing Attitude reference, Strapdown (3) Sperry SYG-1000 SDF-RI
Orbiter ‘Stabilization, " Kearfott 2564 SDF-RI
Pointing
Mariner JPL Stabilization, Strapdown (3) Kearfott 2565 SDF-RI
Attitude reference,
Pointing
Mercury  MSC/McDonnell Stabilization, Strapdown {3) Honcywell GG-TBA  SDF-rate
Attitude reference  Strapdowm (2} Honeywell GG-53 IDF-free
Attitude, Rate Strapdown {8) Honeywcll MS-100  SDF-rate
display :
Nimbus  GSFC/GE. Stabilization, Strapdown (1) Kearfott 2564 ° SDF-RI
Attitude reference,
Initial stabilization Strapdown (1} Nortronics GRII4 SDF-rate
0AC GSFC/Grurnman  Stabilization Strapdown (3)  Honeywell JRT45 SDF-rate
Attitude reference  Strapdown (3) MIT2FBG SDF-RI
Strapdown (3} Kearfott 2564 SDF-RI
0G0 GSFC/TRW Stabilization Strapdown (1) Honeywell MS SDF-rate
130B1



Table 1.1« — (continued)

L Sponsoring .
Mission . . Configuration Gyto Typen
Category ( vehicle } Agenﬁéf}ro Function {number) Identification Gyro Type
Space-
_craft
QGO GSFC/TRW Pointing Strapdown (2) Honcywell GG49 SDF-RI
(#1248 GSFC/Ball Bros.  Stabilization Scrapdown (1)  Bendix 25TRIG SDF-RI
050-3 GSFC/Hughes Pointing Sirapdown (1) Northrop GI-K7C SDF-RI
Ranger JFL Stabilization, Saapdown (3) Honeywell GG49 SDF-RI
Attitude reference,
Pointing
Skylab MSFC/Douglas  Pointing, S'rapdown (9) Kearfott 2519 SDF-RI
workshop Stabilization :
Surveyor  JPL/Hughes Attitude reference, Stwapdown (8) Kearfott 2514 SDF-RI
Stabilization
Viking LaRC/ Maﬁin Inertial reference  S.rapdown {4} Hamilton Std. SDF-RI
Lander RI-11395
Viking LaRC/YPL Attitude reference,  Strapdown (68) Kearfolt 2565 SDF-RI
Oszbiter Stabilization,
Pointing
Entry ASSET USAF/ Stabilization, Swrapdown (3)  Honeywell SDF.rate
vehicles MeDennell Flight termination, S:xrapdown (1) Giannini 151D 2DF-free
Guidance Sxapdown (3) Honeywell SDF-RI
DynaSoar USAF/Bocing Cuidance, ' FPlatform (3) Honeywell 8001 SDF-RI
Backup guidance  Srapdown (2) Bendix 15008 2DF-free
HL-10 FRC/Northrop  Stabilization § rapdown U.S. Time SDF-rate
M2-F2 FRC/Northrop  Stabilization Strapdown U.8. Time SDF-rate
M2-F3 FRC/Martin Stabilization Strapdown (3) ‘Nortronics GRHAT  §DF-rate
PRIME USAF/Martin Guidance Strapdown (3) Honeywell GG87 SDF-RI
X-15 FRC/No. Navigation, P.atform (3} Honeywell 8001 SDF-RI
American Stabilization Strapdown {3) Nortronics GRH4T ~ SDF-rate
X24A/ USAF-FRC/ Stabilization Strapdown (9) Nortronics GRH4T  SDF-rate
SV-5p Martin




Table 1.1-I —~ {continued)

’ . Sponsoring R
Category M's"flon Agency/Gyro Function Cenfiguration ; C..y-m . * Gyro Type
{vehicle ) User {number) Identification )
Sounding Aerobce  GSFC/Ball Bros. Pointing, Platform (2)  Conrac 3464611-04  2DF-free
rackets (50/170/  {Strap1I1) Stahilization Strapdown (3)  VARO 1005435-01  SDF-rate
350 Fine pointing Strapdown {2) Honeywell GG 87 SDF-RI
Azrchee AFCRL/NRL/  Pointing, Platform {2} Whittaker FM10G-2  2DF-free
Space General  Stabilization Strapdown (3) U.S. Time Model 40 SDF-rate
(Mark II}
Acrobee Space General Pointing Steapdown (1) Whittaker FAILI0G-2  2DF-free
150/170 ( Mark III) Strapdown (3)  U.S.Time Modef 40 SDF-rate
Azrobee  Kitt Peak/ Pointing FPlatform (3) VARO SDF-rate
i50/170 Ball Bros,
(SPC3-1)
A:zrobee Ball Bros. Pointing, Strapdown (1) Coundor Pacific SDF-rate
i50/170 {3PCS-2) Stabilization R8-93AA-1
Nike-
Toma-
hawk .
Nike- GSFC/Space Pointing ’ Platform {2}  Space Vector 2DF-fiee
" omd- Vector Corp, MARSI
hawk (SPT)
. Black
Brandt 111

Task 6 contemplates the creation of a design requirements document hased
on the results from Tasks 4 and 5 and to include preliminary design layouts of

gyroscope and accelerometer modules incorporating these requirements,

The entire study is restricted to strapdown inertial systems, as indicated by
the title, as opposed to gimbal inertial systems, This approach is dictated;',-by twa
specific considerations which point to the strapdown {or body mounted) configuration
as the proper approach to the modularization and standardization of inertial system

design, These considerations are described in the following paragraphs,

1, Mounting arrangement, The strapdown configuration lends itself naturally
to a convenient and accessible arrangement of interchangeable modules
with built-in alignment features, To accomplish an equivalent degree
of plug-in accessibility and interchangeability in a gimbal system is
difficuit if not impossible,

2. Performance, The strapdown system can, by proper choice of system
elements, provide performance to fulfill the mission requirements of
the bulk of current and future space applications, As illustrated in
Table 1,1-1,strapdown implementations have been successfully used on



numerous space missions for attitude ;:'eferenci_ng, stabilization, pointing
control and guidance, In addition, the sirapdown gystem has inherent
fine attitude and attitude rate resolution and is readily configured io be
digital in nature while being less complex in electro-mechanical design
features, It can be expected to demonstirate a substantial reliability

improvement with maturing electronic and instrument designs,
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CHAPTER 2
STANDARDIZED MODULARIZATION CONCEPT

2.1 Introduetien -

The basic modularity concept addressed in this study consists of a family of
standardized, function oriented, prealigned and calibrated submodules which are
capable of being assembled to form aninertial gyrooraccelerometer sensor'module,
complete and self-contained, needing only an input power source and a digital timing
or instruction word, and producing a digital word containing inertial data and module
self-test status, Withinthis gyro oraccelerometer module, each submodule performs
a basic function (thermal control, excitatipn voltages, etc,) compaﬁblel with the
instrument and with performance and range suitable for the system application
requirements, The system would be configured by a suitable selection and integration
of modules, dependent on the application function (e.g. attitude reference, guidance,
etc.) and level of redundancy needed (e.g.atriad ebnfigured with three gyro modules

or a fault tolerant implementation using six gyro modules),

As an example to show in general the content and arrangement of a typical
instrument module, Fig, 2.1~1 presents a possible layout for a gyro module using
a candidate 1.3 in, diam, gyroscope. The submodules plug into the module structure
to provide wheel supply, pulse torque loop electronics, temperature contral
electronics, suspensmn exmtatlon supply, signal generator excitation supply, input/
output condltlonmg and clock/d1g1tal interface functmns Descmphons of the design
and performance characteristics of these elements are provided -in - Section 3,0,
The gyro is prenormallzed to present a standard interface to the submodule
electronics, The means employed to accomplish the standardization, and the
instrument categories needed to cover. the range of system appllcatlons are covered

in Section 2,2,1,
2,2  Benefits from Standardized Modularization

The benefits which can be expected to result from a carefully planned and
sklllfully executed program of standardized modular construction can be identified
infive principal categories, These categoriesare described below.and the discussion
indicates that substantial reductions in life cycle costs canbeachieved witha minimum

of system performance constraints,



Dimensions 3" x 3" x 3"
Weight 1.5 1bs.
Power 4,7 W

_....r Pulse Torqgue l,o0p

y Scaler Buffer
Wheel Supply

Temperature

C ontroller ~=——>—ixcitation Supply

Fig, 2.1-1 Miniature Strapdown Gyro Module

2,2,1 Design and Development

This category contains the extra effort required to take into consideration
the ranges of performance, the interface standardization, the interconnection
problems, the environmental and reliability factors and all the other features which
otherwise would only need be considered for a single set of system requirements,

The first step in the analysis of the desipn problem demanded a review of the
system performance range requirements with the cbjective of defining a limited
number of performance classes to cover the range of known and projected system
applications, This effort resulted in the following breakdown,

a, Liong duration guidance, navigation, or attitude reference functions, where
updating is not possible or is very infrequent, requires an extremely stable
gyroscope and its associated torque loop, Systems in this category require a
state-of~the-art, high performance instrument and control loop technology.
Some anticipated extremely high performance applications, such as for the
Large Space Telescope, may even require additional development to achieve
the required performance, This group represents the highest performance

category,



b. Strapdown systems for aircrafi navigation and satellite attitude reference
applications, where periodic updating can be provided and where navigation
performance between one and ten nautical miles per hour, or drift performance
between 0,01°/hr and 0.1%hr is sufficient, can draw from a broad technologyl
‘base-of- available instruments and torque loop designs, A major ‘portion of

the anticipated sys{em applications falls into this second group,

c. A third category, comprising short memory guidance or flight control
system applications, can provide the necessary performance with modest
requirements for instrument and control loop stabiiity, Thisapplication would
obtainits performance with navigation aided technigues suchas DME or Loran,
They can use low cost inertial components with drift performance between
0,1°/hrand 1 deg/hr, Thereare many applications req uiring low cost systems,
such as remotely piloted vehicles, that fall into this third group, '

It isapparent, therefore, that, although the highest performance module could
probably meet the requirements for every application, it would not be cost effective
‘in terms of size, weight, power, and reliability, It appears that three categories ‘
represent 2 minimum complement, namely high perfdrmance, moderate performance
and low performance inertial instrument modules. These modules need not be three
compléfely different desig‘ns, Arreasonable level of common mechanical str'ucture,
electronic submodules and logic components can he expected; The major variation
is predominantly determined by the instrument selected, as reflected in cost versus

performance,

The quéntity of modules to be built for each class has been postulated to reflect
a leifel' éorresponding to an assumed DOD and NASA overall need. The recurring
cost projections have been set at achievable values corresponding to the volume
and performance needs, They are: high performance gyro modules ($50,000 to
$91,000 per module)*, assuming on the order of 60 are buili per year; moderate
performance gyro or accelerometer modules ($10,000 to 22,000 per module),
assuming 600 are built per year; and low performance gyro or accelerometer modules
($2,000‘to 4,000), assuming '3,000 are built per year, The distribution of these
costs are shown in Table 2,2-I, The designer will select electronics, components
and packaging techniques to meet the performance and cost goals for each module
class. To produce standardized modules would necessitate a non-recurring

# . . . . . y :
No accelerometers in this price range are included in the study, and thus only two
classes of accelerometer modules are considered,



investment by the government in their design and development, The standardized
module could be used in multiple applications by NASA and DOD agencies at the
recurring costs shown in Table 2.2-1,

Table 2,2<I Module Cost Egtimates (Recurring Costs Only)

PERFORMANCE INSTRUMENT COST MODULE COST "QUANTITY
RANGE MODULES/ YEAR

LOW ' $ 500- 1,000 $ 2,000 - 4,000 3, 000

MODERATE $ 6,000 - 12, 000 . $12,000 - 22,000 600

HIGH $ 40, 000 - 60, 000 -$ 60,000 - 91, 000 50

THE MODULE COSTS HAVE BEEN ASSUMED DISTRIBUTED AS FOLLOWS:

COST DISTRIBUTION of MODULE ~————
LOW COST MODERATE COST HIGH PERF,
INERTIAL COMPONENT $500 - 1, 000 %6, 000 - 12, 000 $ 40, 000 - 60, 000
MECHANIC AL HARDWARE $100- 200 $ 500- 1,000 $ 2,000- 3,000
ELECTRONIC FABRICATION $400- 800 $ 3, 000 - 4, 000 $ 5,000 - 8,000
TEST and ASSEMBLY $600 - 1,200 $1,500 - 3,000 $ 8,000 - 12, 000
ADMINISTRATION and PROFIT| $400- 800 $1, 000 - 2, 000 $ 5,000 - 8,000

The second step in the study program required the identification of candidate
strapdown inertial instruments and an assessment of the parameter incompatibilities
which would have tobe addressed inorder to arrive at an interchangeable standardized
desi gn. The proprietary, candidate inertial instruments shown in Table 2,2-1I
represent single degree-of-ireedom gyros which have been manufactured and used
in sufficient guantities over the last five to fifteen years to have acquired a history
of successful operation and to have developed a mature design and manufacturing
process, Most of these gyrosare available with variations adapted to specific input
voltages and frequencies so that standardization of some of these parameters would

10
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Table 2.2~I1 Candidate SDF Gyros For a Modular Strapdown System :

PERFORMANCE -
HIGH MODERATE LOW
PARAMETER UNITS TGG CG3ldA 18 Mod B E7G-3K  [1544 & 2646 | 13 1RIG RI 1129 GIC B 1G=-19 GG1111 .| 1403HJ
Vendor CShL Honeywell CcSDL Northrop | Kearfott CSDL UAC Northrop US Time Honeywell Lear Seigler
Size inches 3,3 x 2,4 4.7x2,3 (3,9x20]2,9x1,66| 2.5x1.4 J2.5x1.3 3.6 x2.68] 2,2x15.0 2,0 x,94 2,4 x1.2 |3.2x1.5
(length x diameter}
Weight ‘ 1bs 1.2 “1,65 1.15 0. 625 0, 84 .33 1.8 0.25 o, 285 0,25 0,44
H/CSg. mV/mrad 4 a.0 4.3 1o [ z7 | a8 14,0 12 100 10 20
Max Torque Rate |[rad/s 1/10 ~l ~l ~1/4 ~ 74 4,7 ~ 56 ~ Bl4 /3 7 3
{continuous)
angular Momentum |gm-cm?/s sx10®| zx10® | 1ex10®| e.6x10®| ex10* | ssx10®| 2.5x100| 22410t 2.3 % 104 ox1o? | 1ex10t
Time Constant microseconds 750 450 330 1220 200 1000 270 <2000 1000 1500 5000




not constitute a major obstacle, A similar table showing some candidate ac-
celerometers, subdivided by system performance class is shown in Table 2,2-I1IL,
The two new CSDL instruments, the 13 IRIG and the 12 PIP, and the Kearfott 2544
strapdown gyro deo not at this time represent mature design nor a production base,
They have beenincluded ascandidatestofacilitate design descriptions and estimates
for miniaturized systems,

Table 2.2-II1 Candidate Accelerometers For a Modular Strapdown System

. _ PERFORMANCE
e MODERATE . LOwW
4810 2401 I8 PM PIP| 12 PM PIP| GG177 |QA116-17 | 4308 cQ3s
'ARAMETER | UNITS]
Systron- |Kearfoit CSDL CSDL Honeywell| Kistler |Systron- |Honeywell
Vendor Donner Danner
1 x dia, |,
Size inches| T x1.2x2|y,3x1,6/ 2.1x1.6[1.8x1,2 1.,Bx1.8 | 1.9x 1.0 $,.5%x.75|1,5x1x1
or cube x2
aldes
Weight ounces| 7 5 12 4 B 3 =2 3
Range g'a + 45 +20 +20 + 20 +25 +15 +15 + 40
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Tables 2,2-II and 2,2-III show the selected parameters of the candidate gyros
and accelerometers, The distribution of weights and volumes for these instruments
ig shown in Figs, 2,2-1 and 2.2-2, It appears that two basic sizes of gyro modules
and one size of accelerometer module would accommeodate 2ll of these instruments
efficiently except for the GG334 and RI1139D units which would require a larger

module and a less efficient layout,

To the extent that the principal characteristics of the inertial instruments,
performance and size, determine the feasibility of the standardized modules, it
appears from the study thus far that two, or at most three, module sizes with sufficient
allowance for the electronic submodules required for eperation, normalization and
interface compatibility will satisly the requirements for high, moderate and low
performance systems, The proposed appreoach to the electronics design is covered

in Seection 3.0.
2,2,2 Producibility Benefiis

Having completed the design and development of iwo or three versions of the
standardized design to accommodate the sizes of the candidate instruments, the
benefits to be accrued became apparent, Benefits show up first in producibility
and are visible in the module and in the system. For the module we will have a
maximum of three sizes of mostly identical struciures with mounting provisions
for standardized submodules to the extent that they are needed for a particular
system or choice of instrument, A similar situation exists for submodules, although
these will include a larger number of unique designsto provide for all of the necessary
functions, The major source of producibility benefit comes from the manufacturing
quantities involved as a result of standardization, making efficient tooling and
automated assembly economically feasible. Continuing volume requirements will
assure that an efficiently devised production effort operates effectively, At the
system level, benefits accrue from the modular construction which reduces the system
complexity toa primary structure containing routine accounting, control and display
functions, and standardized, plug-in, prealigned and pretested, inertial instrument
modules, Modules may be manufactured in-house or procured from multiple sources
topreserve a competitive cost baseand reducethe delays due to procurement faciors,
System testing and calibration is simplified by the use of the pretested, prealigned
and precalibrated modules, Moreover, trouble shooting need consist only of
substituting modules from stock, Failed units are returned to the component test
level for verification., This picture contrasts sharply with the serial type fabrication
and assembly procedures typical of gimbal systems and some current strapdown
systems. Even the CSDL redundant dodecahedron, SIRU system is limited in the
effectiveness of its modularity in comparison with the Standardized Modularized
Concept System,
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2.2,3 Maintainability Benefits

The cost effectiveness of the maintenance function is another benefit from
the strapdown standardized modularized concept, both at the system operating level
and at the module repair level., System maintenance, due to the convenience of the
software failure, detection and isolation (FDI) and built-in test equipment (BITE),
can be readily aécomplished by flight line personnel by exchanging modules from a
spares kit, The only further action required would be scfiware calibration updates
tointroduce inertial instrument parameters, absolute biases, etc. It would probably
not be cost effective {o require an absolute hardware normalization range on all
ingtruments, Automatic absolute calibration updates could be effected by
incorporation of programmable read only memory {(ROM) modules, The inertial
sensor axes of the system thereby becomes a line replaceable unit with a mean
time toreplacement (MTTR) of less than 10 minutes by relatively unskilled personnel,
This capability represents a significant improvement over present systems in which
repairs invelving inertial instruments generally require the removal of the whole
inertial measurement unit (IMU) and its electronics rack, Replacement of the inertial
element in a typical current system requires disassembly, reassembly, recalibration,
and alignment of the IMU in the inertial navigation system (INS) rack before
reinstalling it in the vehicle, Field experience with current gimbal systems having
self~checking and failure identification features shows a significant percentage of
falseremovals, Theintegrated functional nature of the gimbal implementation tends
to make positive fault detection to a specific function difficult and in some cases
impossible,

At the module repair level, maintenance can be effectively accomplished at
intermediate support levels where clectronic test equipment and spare submodules
areavailable, The faulty plug-in submodule can be identified by automatic checkout
equipment (ACE}, rapidly disconnected and replaced, With the exception of the inertial
components and their normalizing components, the submodules would be completely
interchangeable without calibration or readjustment, This submodule
interchangeability permits the repair of a module, with the exception of replacing
an inertial component, to be accomplished at the intermediate (shop) maintenance
level., Replacementof aninertial component, along with its normalizing components,
or therepair of a failed submodule would be accomplished at the depot maintenance
level where specialized personnel with manufacturing and test equipment is available,

Spares requirements are also affected by the multiple usage of standardized
submodules, A relatively low percentage of operating spares can safely be maintained
at the intermediate level only, Coordinating the procurement of spares between
agencies is another possible source of savings in spares cost,
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2.2.4 Reliability Benefits

Improved system reliability can be confidently expected to result from the
standardized strapdown modular system concept,

Currently, each system, as delivered by its manufacturer, demonstrates over
an extended period of time a certain level of reliability determined by its design
and manufacture, environmental exposure and many other factors, Reliability
improvements may be incorporated as the system matures, but are not generally
transferable to other system designs, With the standardized strapdown modular
system, not only can greater attention be devoted to increasing the reliability of
each submodule, but also reliability data feedback can be implemented between system
users and manufacturers to trigger design, manufacturing and test improvements
which will be applicable to all systems in which the improved submodules are used,
The larger quantity usage of individual submodules will result in a more accurate
reliability assessment which permits the system design to specify the redundancy
requirements on the basis of accurate reliability projections, Module reliability is
. achieved by choice of components, by the design of module and submodule intercon-
nections, by the application of burn-in processes and by the efficiency of the test
procedures employed, Failure analysis of generic desipn faults or weaknesses can
be used to enable rapid design and production changes based on failure experience,
Technical obsolescence in the submodules can be avoided by designs incorporating
new technology but retaining identical interfaces, Procurement problems inobtaining
components no longer stocked by suppliers is another troublesome aspect and with
standardization can be overcome by the samé approach of design modification with
identical interfaces,

2.2.5 Compatibility Benefits

As has been described previously, module inputs and outputs are standardized
to consist of 28 Vdc and a digital timing word for input and inertial data and a
BITE or FDI word for output, This arrangement automatically provides a basis
for compatibility with all systems developed from the standardized modules, ‘By
supplying the inertial information from one source, employing redundancy appropriéte
to the mission, and eliminating the independent inertial sensors from such systems
as the flight control system, the attitude stabilization systems, load alleviation and
" mode stabilizlation systems, perhaps as many as 10 to 20 inertial instruments with
their glectrbnics, may be eliminated while at the same time providing improved
performance and higher reliability. If a redundant dodecahedron array were used,
integrated navigation, attitude reference aﬁd‘ ﬂight control sensing would be achieved

17



using only 6 gyro and 6 accelerometer modules and yielding fail safe, fail safe, fail
operational (FS, FS, FO) reliability. The dodecahedron configuration could be
assembled using the standardized modules, The "dodecahedron" configuration is
based on a unique, symmetrical, geometric arrangement in which the instruments
senging axes are arrayed to correspond to the angles that are made by the
perpendiculars to the faces of a dodecahedron, This configuration was demonstrated
in the SIRU* system, In the SIRU system, a modular axis approach was utilized in
which instruments were packaged in prealigned modules and normalized with some
of their electronics, althoughnot as comprehensivelyas projected in the standardized
module concept, Testresultsonthe SIRU modules do serve, however, to demonstrate
the feasibility of the modular appreach, For example, the performance repeatability
of the SIRU medules under various conditions, over several years of operation, has
beenimpressive., Figures 2,2-3A and 2.2-3B summarize the stabilities of the CSDL
SIRU modules, using the 18 IRIG Mod-B gyro, across remounting, cooldowns and
repetitive tests, Figure 2,2-3A shows the bias drift (NBD) and g-sensitive drift
{ADSRA, ADIA, and ADOA) stabilities, Figure 2,2-3B shows the major compliance
(gz), scale factor and input axis alignment stabilities that were obtained. Likewise,
Fig. 2,2-4 summarizes the stability of the SIRU accelerometer modules, using the
CSDL. 16 PM PIF, across remounting, cooldown and repetitive testis, Alignment,
gcale factor and bias stability data are shown, These data indicate that, for the
gyro/accelerometer module designs used, repeatability consistent with inertial grade

performance was obtained with module interchangeability.

&

Design description, redundancy management, test results and reliability data of
the SIRU system are covered in CSDL Report R746, Extension of the system to
include statistical FDI, Self Calibration, Self Alignment and Local Level Navigation
is presented in R747,
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CHAPTER 3
INSTRUMENT MODULE DESIGN 3TUDY
3.1 Introduction

The design study instituted to support the standardized, modularization concept

consisted of two principal areas of investipation and analysis., These two areas

are:
1. Comparison of candidate inertial instruments to define the relative
performance capabilities of éach instrument, the problems associated

with providing a useful level of interchangeability and the possible
constraints on the successful implementation of a modularized aystem;

2, - Presentation of the design aspects of the submodules required to

accommodate a wide variety of system performance parameters,

In order to constrain the study to manageable proportions, the candidate
instruments were limited to mature examples of single-degree-of-freedom types
with areasonably broad production base and a recognized application history. This
approach introduces some additional apparent incompatibilities because the identified
instruments were designed for specific system configurations, However, it is
reasonablé to assume that many of the electrical parameters, such as wheel
excitation, suspension and pickoff excitation, sensitivities and gains can be
standardized without imposing any unacceptable burdén -on the instrument
manufacturers. These changes should not significantly impact the basic instrument

design or affect the basic réliability of the instrument,

Many of the support requirements for accelerometer modules are similar to
the gyro module requirement, Although it can be argued that a combined gyro/fac-
celerometer module is more cost effective, the added complexity and reduced
flexibility of appliéation resulted in a decision to retain only the independent
configurations for this study, For 'éicample, many applications, space satellites,
require only an atftitude reference unit (ARU) or an ARU with a limited single axis

burn velocity measurement capability.
3.2 Instrument Selection and Parameter Compatibility
The key parametersand performance requirements for the selected candidate

instruments, divided into three performance classes, are tabulated in Tables 3,2-1
and 3,2-11, '
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Table 3.2-1 Performance Specifications For The Three Module Classes

: LOW MODERATE HIGH
PERFORMANCE |PERFORMANCE [PERFORMANC
~ MODULE - MODULE MODULE
Max, Torquing Rate (rad/sec) . . 1 o1 0.1
T.G. Current (mA) 170 140 150
5. C. Frequency {Hz) 4800 9600 6400
5. (., Voltage {V) 5 5 4,5
Suspension (k V{Hz) " None. Wog' 12‘130%
Spin Motor
Frequency {Hz) 1600 1600 1600
Phase 2 2or3 2
Voltage (Vrms} 26 16 , 30
Power (W) 3 2.5 &
Temperature {°F) 120 160 135
Required Stability:
Temperature ™ b 0.1 0,01
Frequency {ppm} 100 1 .1
Motor Voltage (%) 5 1 0. 01
Signal Gen. (%) 5 1 0.1
- Suspension (%) None 1 0.1
Torquer SF (ppm) '
Stability 100 10 1
Linearity 1000 100 10

Table 3. 2--II‘ Module Performance Geals

PERFORMANCE CATEGORY
LOW___|MODERATE| HIGH
Gyro Module
Bias Drift Stability {1g )
1 week {°/n) 3.0 0. 03 <0, 001
1day {(°/m 1.0 0. 01 <0, 001
1 hour (°/h) 0.1 - =0,01 <0, 001
Scale Factor Stability (ppm) 100 10 1
Scale Factor Rate Linearity
(0.1 to full rate) ppm 1000 100 10
Alignment Stability (sec) 100 10 <1
Maximum Torguing Range'(rad/s) > 1 >1 0.1
Accelerometer Module
Bias (ug 1000 100 10
Scale Factor Stability (ppm) 100 10 1
|7 Aligament Stabitity (fech —— —— 06— - 10 <1
Maximum Acceleration Range {g) 20 20 5

23



The principal constraints on the module dimensions and weight appear to be
instrument size and thermal control characteristics. Costsare affected if submodules
are required to standardize different instrument interfaces, Analysis shows that
one small module size could accommodate the low performance instruments and
two of the smaller medium performance instruments, A larger size module would
accommodate. two moderate performance instruments and the high performance
gyroscope, An even bigger module would be required for the Honeywell GG334 and
United Alrcraft R11138D instruments. It appears that either two or perhaps three

sizes of modules are required to utilize the candidate instruments,

The gyro and accelerometer performance level for each of the performance
classes is shown in Table 3,2-1I, The instruments in the moderate performance
class are roughly two orders of magnitude better than those in the low performance
class, Figure 3.2-1 shows the levels of short term, continuous operation, bias
drift stability that are projected for the candidate gyros,

3.3 Submodule Support Requirements
Functions required to support the inertial instrument in the module are
identified as submodules and for the purposes of this study are presumed to include

some or all of the following;

input/output conditioning

clock and digital interface

temperature controller

°

pulse tarque electironics

pulse torque power supply (high performance module only)
signal generator excitation

N

°

suspension excitation supply (for instruments with magnetic suspensions)
wheel supply (for gyro modules only)

W 00 =1 & U b O N k2

precision reference voltage supply

28 Vdc¢ conditioner

—
=
.

This complement of submodule designs is aimed at supporting the four
to seven wire interface, i.e. power in, data out, The data output is
mechanized for data bus type communication with the computer, For
all functions associated with the inertial component module, i.e. thermal
control, dc regulation must be performed by electronics in the
submodules,
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Each functicn is packaged as anindependent, plug-in submeodule with buili-in self-test
provisions, In this analysis transformer coupling of wheel and pickelf supplies are
assumed although their bulk would be eliminated if the wheel phases and pickoff
circuits could be made fully floated, Another set of submodules would be required
in order to incarporate this option and it was not considered to be cost effective at

this time.

Figures 3,3-1 through 3.3-3 show block diagrams of the three classes of gyro
modules required to meet the supply stabilities ;and performance parameters shown
in Table 3,2-1I, The high performance block diagram represents a system providing
the most stringent parameter control. Input 28 Vdec power is conditioned to 1%, a
special pulse torque power supply is included, provision for individual temperature
control of the PVR function has been made, zone temperature control is provided
and wheel, suspension and pickoff excitations are delivered through transformer-
coupled switch functions, The moderate performance module, Fig, 3.3-2, eliminates
the special pulse torque power supply, simplifies the temperature control function
to a single zone and no temperature control of the PVR function is required, The
low performance module, Fig, 3,3-3 is similarin construction to the moderate module
except that lower cost processing procedures can be ernployed, component screening
would be reduced, and temperature and suspension contrecl would be unlikely. The

cost saving choices and processing will be described in later sections,
3.4 Submodule Design Features

This section describes inadditional detail the design considerations, component
selection and processing procedures applicable to the submodules to meet the specific
requirements of high, moderate and low performance modules, These submodules

are identified and presentied as follows:

3,4,1 Input/Qutput Submodules

The inpﬁt[output module receives data from, and s'énds data to the system
computer, With the technology expected to be available in the late 1970's, this
function could be performed with a microcomputer, However, the design described
is presently being proposed by RCA to NASA for the Shuttle (NASA document MSC5144
Rev. A). As shown in Fig. 3.4-1, it uses Manchester Bi’.-phase, and because it
contains ii=s own clock information, it permits a two wire data output mechanization.
The receiver/driver, the synchronization detector, the address decoder, and the
cyclic error detector/encoder are incorporafed in this RCA design using PMOS
technqlogy. Because PMOS has a limited temperature range, i,e, -20°C to 1000(:,
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modification'to a CMOS low power design (also RCA technology) is preferred, The
RCA design uses a 5 MHz bus frequency, although 1 MHz would be adequate for
this application, Placing the input/output multiplexer-demultiplexer (Mux-deMux),
with controls, in a separate submodule may give the input/cutput module greater
flexibility, That option is shown in Fig. 3,4-2,

The synchronization detector{lock and front end clock shown in TFig, 3,4-1
detects a synchronization signal as a message and by using a combination of phase
offset and lock, establishes that the message processing ''front end" clock is

1

synchronized to within 1/8 bit time to the bus and is locked to this ""sync" for the
total message and acknowledge duration; i.e., approximately 100 bits of message
time, Accumulated skew betweenthe bus clock and the gyro or accelerometer module
clock does not exceed 3 nsec, in 100 bits, The skew specification accommodates

10 ppm blocks at both the sending computer and the receiving module,
The address decoder recognizes the module identification address and all

subfield data addresses within the module. After decoding the module identification,
the device enables all further address, cyclic, MUX or deMUX decoding, If, within
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HYBRID MULTIPLEXED A/D CONVERTER
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Fig. 3.4-2 Hybrid Multiplexed Anclog-to-Digital Converter

a certain number of message bits, it does not code "true", it puts all downstream
functions to inhibit/clear/standby/'"go to sleep" status, and awaits the next
synchronization "alert", In addition, the decoder is capable of sensing a 'time
tag'" message, identifies it, and upon compleiion of the error check, strobes the
update time from the computer into its own time tag register, which then continues
to count on the local clock oscillator, The "group' alert message may be used to
set a gr\“oup for either a synchronous local time update or a readout "N" clock times

after the message.

The address encoder encodes all local address information in a message to
the computer,

The time tag register is maintained closely synchronized with the computer
by the decoded group alert message,

The cyclic coder/error detector looks for errors in the messages received
and, whenan errorisdetected, it inhibitsaction, It also formsa cyclic code addendum
to the address encoder message, (A simpler parity check system could be used as
an alternative), ‘
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The input/output control and multiplexer-demuliiplexer processes data from

ithe computer to the module and vice versa,

An analog-to-digital {(A/D) converter, with part of the multiplexer section is
shown in ¥ig, 3.4-2. Many self-contained A/D packages, some fully hybrid, are
becoming available off-the-sghelf, An A/D hybrid module for the Bl aircraft is
currently going into production and could be used without alteration, CSDL is using
similar devices inthe Fly-by-Wire program for the NASA Langley Research Center.

The A/ D section operates continuously in module testing, Inflight it is required
to respond with only one "page' of data per second. Therefore, the A/D power

duty eycle may be 10% or less in actual flight,
3.4.2 General Purpose Clock Submodule

This submodule, shown in Fig, 3.4-3, contains an off-the-shelf crystal clock,
a scaler set to provide any frequencies needed for the candidate gyros or ac-
celerometers, and a ROM decoder which accepts 2 hardwire code (A, B, C, D) to
call up the required set of frequencies on the appropriate lines.

Without temperature control, the oscillator accuracy is nominally 10 ppm,
This accuracy is sufficient for the low and moderate cost module. The oscillator
performanceis 1 ppm when temperatureis controlled to plus or minus 10 degrees
F. This requirement will be specified for the higher performance modules, The
logic is essentially a dielectrically isolated CMOS, or SOS-SMOS, for operation at
1 MHz or higher. If cost savings result, bulk CMOS can be used for operation at
less than 1 MHz,

Tables 3,4-Tand 3.4-II show a preliminary breakdown of the typical frequencies

that may be required from the general purpose clock and scaler,
The target power specification for the clock and scaler submodule is 100 mw.
3.4,3 Temperature Controller Submodules

For low performance modules a simple ONJOFF type controller is probably
sufficient, Thisapproach minimizes the power and volume required for the function,
However, in the two higher classes of modules, range proportional control is necegsary
for set point accuracy and temperature stability. A pulse width modulated proportional
controller or a digital controller is recommended, The peak start-up power to
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Fig. 3.4=3 General Purpose Clock and Scaling Module

gome zone heaters can be as high as 30 watts which can create switching problems,
Possible solutions and alternate temperature controller designs are discussed in
Section 3.7,

The high performance candidate gyro can have as many as eight zones of

temperature control; compared to one or two for typical instruments. This situation

creates a volume efficiency problem or a redundancy opportunity for this submodule,
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Table 3.4-1 Candidate Frequencies For General Purpose Scalar Gyro
Or Accelerometer Modules

‘ SUSP/SIGNAL GEMERATOR | INTERROGATE OR
DIGITALLY PHASE LOCKED WHEEL . TEMPERATURE

DIGITALLY PHASE LOCKED | TORQUE SCALING CONTROL
DRIVE FREQUENCIES TO WHEEL ¢, FREQUENCIES
. ALt WHEEL FREQUENCIES | ALL WHEEL SUSP,

1¢ {SPLIT) . i MAY BE OPTIONALLY OR $.G. FREQ. MAY

S USED - IN ADDITION BE OPTIONALLY 1
- 400/s00 400/800/1600 | 4CON200/2800 | L\ bhy) 4 OWING SHOULD | USED IN
BE AVAILABLE ADDITION

BOO/1600 E00/1600/3200 | 8007240074800 12,800 . 102.4 (PWM ONLY) 0
1200/2400 1200/2400/4800 | 1200/3600/7200 | - . 25400 204.8 (PWM ONLY} 0
1600/2200 | 1600/3200/6400 | 1600/4800/9600 28,800 50
51,200 100
200

3.4.4 Pulse Torque Electronics Submodule

A block diagram of the pulse torque elecironic (PTE) submodule is shown in
Fig. 3.4-4, This submodule will require major desgign effort to preduce a loop
capable of functioning with a variety of different gyrosor accelerometers, Seleciable
components external to the main FTE hybrid package will be required to adjust

gains, phasing, torquer current, eic., for the specific gyro or accelerometer,

For a given gyrorate capability, the torquer power will be directly proportional
to the torquer resistance and angular momentum, and inversely proportional to the
torquer sensitivity, The instrument designer generally tries to package as much
torquer sensitivity per unit resistance in the available space alloted in the inertial
component, This method of increasing rate capability is optimum because lowering
the angular momentum will decrease torquer power, but at the sacrifice of drift
stability, The same comments apply equally to accelerometers,

The relationship between equivalent input axis rate and torquer power is plotted
for four gyrosin Fig. 3.4-5, Fora 60 deg/s rate input, the 18 IRIG Mod-B requires
3 watts of torquer power and the 13 IRIG requires less than 0,1 watt, For applications

requiring high dynamic rates a low momentum instrument, such as the 13 IRIG, is
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S {1) - : POWERS OF: .
FREQUENCY (Hz} USED ON: .
2 3 13
10 TEMPERATURE CONTROLLER 1 o )
20 TEMPERATURE CONTROLLER 2 o 1
50 TEMPERATURE CONTROLLER 1 o 2
100 TEMPERATURE CONTROLLER 2 0 2
200  TEMPERATURE CONTROLLER 3 0 2
400 WHEEL DRIVE a 0 2
800 WHEEL DRIVE 5 0 2
1000 . 3 o 3
1200 WHEEL DRIVE 4 1 2
1600 WHEEL DRIVE 6 o0 2
2000 WHEEL DRIVE 4 0 3
2400 WHEEL DRIVE 5 1 2
2200 WHEEL DRIVE 7 0 2
3600 1 WHEEL DRIVE 4 2 2
4800 WHEEL DRIVE & 1 2
6400 WHEEL DRIVE, 8, 0 2
7200 WHEEL DRIVE 5 2 2 (2)
8600 WHEEL DRIVE 7 1 2 (3)
12,800 5, G. 9 0 2{4)
1,000,000 BUS INTERROGATION 6 0 6

(1) Frequency = 2% . 3¥ . §2
. where,

powers of 2
powers af 3
powers of & ;

N« X
[l

{2) 9.0 MHz is reguired to attain a 7200 Hz symmetrical {square) wave.
i.e,
9.0 x 108
= ——— = 2x5*
7.2x 10°
Since 59 dividers are not symmetrical, 2 multiple of 2 is present for squaring.
A 7200 Hz nonsymmetrical cloek pulse can be derived from 4.5 MHz.

{3) A direct symmetrical divider for 8600 Hz, and all frequencies below it,
would require a 36 MHz crystal. For a number of practical reasons, the
erystal frequency should be close {within, say 20% ofl to 10 MHz, -
Therefore, a 9600 Hz symmetrical sgquare wave will be derived by frequancy
multiplier.

‘ (4) A direct symmetrical divider for 12,800 Hz, and all frequencies below it,
would require a 68 MHz crystal. Using a 10 MHz crystal, 12,800 Hz wil! be
derived from 6400 Hz with a multiplier.

Table 3.4=II General Purpose Scalar For Gyro or Accelerometer Module

35



H5WITCH
HEWiTeH j) Funchion DLL(r)MAnSv
BALANCED . wevit | conro . N
INPUT AC COMPARATOR: | | oaic 7 T
FROM ‘| FRONT > $1 52
5.6. ENG - = _[ . §
[_ SCALING LOGIC ks
‘ automatic® Tsa :];54
LEVEL SHIFT -
10PTIONALS "Lss o 1
) — raTell)
COMPENSATOR
HLOGIC: $1=54
$2+-53
S6=56
1
W, s6-50

FROM DIRECT 6.2 VDC

SEALE[?:V.H_(" CONSTANT CURRENT TO H SWITCH

N/
Acﬁﬁ'&ﬁ?\

AMP,

s
May be aiternatively located at accelerometer or gyro for reduced noisa,

1
Ayt

{1) Varies a1 5 function of specific davios ond full seale ronga desined, Must be sdjusted by imple
changs of uxtemnzt componanty

. Fig. 3.4=-4 Functional Diagram of Pulse Torqgue Electronics

3.0 i % t t t t $ t —+ { - } $ }
2,54 4
18 MOD B ALPHA I
L & 2544
. GG 334 T
204 1
a
m =
B T
g
~l1.5 + T
1]
—
g
= 1 1
®]
H
1.0 T N
- +
0.5 + 1
4 13 IRIG T
—
0 ; ' F T i 4 el ot~ } }
0 20 10 60 80 100 120 140

EQUIVALENT IA RATE { deg/s)

Fig. 3.4-5 Torquer Power vs Equivalenf Input Axis Rate For Four Gyros

38



@l

the only instrument available to meet that requirement, To obtain scale factor
performance in the one ppm range, torquer power should not exceed 3 watts, This
level of power dissipation in the available volume is commensurate with state of
the art semiconductor circuit design, To obtain performance better than 1 ppm,
power should be limited to the lowest possible level.

3.4.5 Pulse Torque Power Supply Submodule

The low and moderate performance modules will not require any additional
voltage regulation, This submodule, therefore, will only be required in the high
performance module, and will regulate the+15 Vdc for the precision voliage reference
(PVR) and other required voltages to 0.01%, Series regulators of standard hybrid
or IC design can be adapted to perform this function, The regulator will derive
power from the 1% line pre-regulator, restricting the compliance range and resulting

in an efficient design,
3.4.6 Precision Voltage Reference Submodule

A single, precision, voltage reference (PVR) submodule design, with selection,

processing and external options to account for rising scale factor stability

. requirements, Fig. 3.4-6, will satisfy the requirements of thethree classes of inertial

instrument modules. Functionally, the PVR module contains;

1, A basic hybrid substrate design,
2. A basic array and interconnections for two Zener diodes, and fixed
_ precision resistors,
3, A buffer amplifier to provide buffered reference(s) to the A/D and
regulator functions,
4, An array of MSI Logic (or ROM) for mode/scaling control by digital
inputs to provided terminals,

5, Terminal points for the connection of scaling resistors,

The submodule substrate is the same for the three classes of modules, The
low performance module, requiring a scale factor stability of 100 ppm, will utilize
the circuit elements with no burn-in or aging requirements, and good quality
off-the-shelf diode chips will suffice. Resistors can be ,01% and no temperature

compensation is required,

Provision for scaling resistors to provide a low voltage alternative for those

instruments requiring a lowtorquing current could be included as an external option,
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Fig, 3.4«6 Precision Reference Module

Also, the multi-level switching chips (logic and FETS) might not always be required
for the low performance PVR submeodule, This version includes a huffer amplifier(s)
so that it can be used as a bus reference for a plurality of devices (gyros or
accelerometers) and A/ D encoders, This multiple usage contributes to lower cost,

The moderate performance module {providing a scale factor stability of 10
ppm} uses the same parts as the low performance module, but the burn-in and fine
adjustment necessary to obtain the improved performance would be included,
Multi-level switching FETs and control logic would be mounted on the substrate to

accommodate optional uses as required.
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The high performance module requires a scale factor stability of better than
1 ppm. This PVR submodule is essentially identical to the moderate performance
PVR with the added requirement for independent temperature control by means of
a wrap-around miniature oven (positive temperature coefficient semiconductor) or
a substrate mountable, active, zone temperature controller located close to the PVR

zener reference dicdes.
3.4.7 Switch Drive Submodules

Four switch drive functions are conceptually shownin Fig, 3.4-7, A versatile,
dual switch submodule will be employed inone of these four variations to accomplish
all the switching functions, The four types of switches, types 1-4, are described

as to function and operation as follows:

Type 1: This configuration is commonly used when driving a load that must
‘beisolated thrua transformer and for direct ac switching regulators.
The clock scaler module delivers a zero and 180° set of pulses that
tdggles QA and QB consecutively to generate a symmetrical square
wave at the transformer secondary, QA and QB aretransistor switches
which may be mechanized as one or two pre-stage switches and

associated resistors,

If both Q) and Qg are "off" for 60 electrical degrees in each
halfcycle, a 3 state symmetrical wave with 3rd harmonic suppression
is generated. This wave has provenuseful inreducing filter component

size with certain ac loads and for general noise reduction,

Type 2: This type switch is éssentially two type 1 switching functions driven
with appropriate timing waves. When the ac load is floated, eliminating
theneed for transformer isolation, this switch is appropriate. Also,
both symmetrical and non-gymmetrical 3 state drives (+,0,-) or
symmetrical and non-symmetrical 2 statedrives (+,-) (+,0) (0,-) can
be used., A single standard H (4 transistors) configuration could
perform both type 1 and type 2 function but the effect on both volume

and cost would be adverse.

Type 3: This switch type is specifically configured for use with pulse torque
electronics, For the low performance modules and some of the
moderatie performance modules, this configuration as shown is

adequate, However, some moderate and the high performance modules
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will prdbably require higher performancé transistors. Otherwise,

three type 1 switches are connected to produce a type 3 switch,

Type 4: This configuration is useful in temperature controllers for heater
- drive, i.e., drive up, then relaxation or cooling, Either QA or QB
or both in parallel are implemented as required. QA and QB can

also drive separate heaters for two-zone controls,
3.4.8 28 Vdc Power Conditioning Submodule

This device connects o the aircraft grade, 28 Vdc power, (or other 28 Vdc
source) with a tblerance of -6 to+4 Vdc and regulates its output to 1%, This conditioned
de is thereby isolated from the 28 Vde bus, and used for all module power except
heater power (the heaters, because of their high start-up demand, use unconditioned
28 Vdc bus power), This submodule is essentially a switching regulator designed
with a free running multivibrator on the input side to insure self-starting in the

inertial instrument module,

Once the clock and scaler module is functioning, the regulator is synchronized
by photo optic coupling to its normal conversion frequency. 25 to 50 kHz is the
probable.range of the synchreonization frequency,

Secondary circuits with voltages less than 20 Vdc could employ Schotky diode
rectifiers to obtain efficiencies as high as T0%. In applications where regulated
prime power isavailable, this submodule could be eliminated with anattendant saving

in volume and power reguirements,
3.5 Module Volume and Power Estimates .
3.5.1 Volume Estimates

Agsuming dense hybrid packaging, volume estimates for the circuitry described
in the previous section was performed. Packaging in this analysis was based on
non radiation hardened designs. Electronic designs Hardened for DOD typeradiation
application would require approximatély 20% more volume, The pulse torque power
supply (PTPS) and the power conditioning submodule are the largest submodules
{each are 4,1 cubic inches) used inthe strapdowninertial modules, For the following
volume estimates, it was assumed that only one of these two submodules are used,
This seems reasonable since: (1) the PTPS isonlyrequired in the high perforrhance
module and (2) power condition%ng may be performed outside the module or (3) another
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power source which does not have to be conditioned may be available, The resulis
are summarized in Table 3.5-I. Thisanalysis showsatotal of three possible module

sizes,

1, A small gyro module with a volume of 25.9 cubic inches is predicted
for gyros with a volume of less than 4 cubicinches, (These gyrosinclude
Timex, IG-10; Honeywell, GG1111; Northrup, GIG6; Lear-Siegler, 1203
HJ; CSDL, 13 IRIG and Kearfott 2544.)

2, A moderate size gyro module with a volume of 41.9 cubic inches is
predicted for gyros with a volume of less than 12 cubic inches. (These
gyros include Northrup, K7G, CSDL, 18 IRIG and CSDL, TGG,)

3. Anaccelerometer module with a volume of 21,6 cubie inches is predicted

{These

16 PM PIP and

for instruments with a volume of less than three cubic inches,
accelerometers include the Kearfott, 2401, CSDL,

Honeywell, GG177,)

These estimates are based on high density electronic packaging. To reduce
costs, a less dense packaging technique might be appropriate, Trade-off studies of
¢lectronics size, reliability and costs were not performed for this study and are
suggested for future investigations, The electronics and interconnections account
for 17,9 cubic inches in the gyro module, Thus the gyro volumes (4 t o 12 cubic
inches) do not appear to be an excessive percentage of the total module volume,
Efforts to reduce gyro volume below the 4 cubic inch level will not significantly

decrease the total strapdown module size,

Table 3.5-I Module Volumes (Cubic Inches)

GYRO ACCELEROMETER
SMALL [MEDIUM SMALIL
Electronics 7.8 7.8 6.8
Interconnect 10.1 10,1 8.8
Gyro or Accelerometer 4 12 4.0
Mechanical Hardware 4 12 4.0
25,9 41.9 23.6
TRIAD SYSTEM VOLUME
3

(3} Small Gyro Modules + (3) Accelerometer Modules 148, 5 in.

{3) Medium Gyro Modules + (3} Accelerometer Modules 196, 5 in.3
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3.5.2 Power Estimates

Table 3.,5-II shows lower and upper limit power estimates for gyro and

accelerometer modules and the contributing load from each submodule. Non-

radiation hardened designs are assumied; hardened designs for DOD application

require approximately 10% more power,
watts, and the minimum accelerometer module load is 2.61 watts.

The minimum gyro module load is 4,61
A triad gyro

and accelerometer strapdown system using the small low angular momentum gyros

Table 3, 5=1I Strapdown Module Power Estimates

GYRO ACCELEROMETER
Regulated Unregulated Regulated Unregulated
Power Power Power Power
Submodule Minimum [Maximuam Minimum |Maximum|
Wheel supply 2.0 5.1
Suspension 0 .40 0 .40
S. G. .21 .21 . 21 .21
Temp Controller .2 .2 1. 0(2) .2 .2 1,0(2)
PVR .1 o1 .1 .1
A/p(l) .2 .2 .2 .2
1/0 A .4 .4 .4
Clock /Scaler .1 .1 .1 W1
PTE 3 5.0 .3 2.0
PTPS .1 2,0 .1 .80
TOTAL a) 3.61 a)13.71 | e) 1,0 a) 1.61 |a) 4,41 [ec) 1.0
Regulator Loss (b) 1.08 4,11 .48 1.32
Total Regulated 4.69 17 .82 2.09 5.73
(a+ b)
Total Regulated
plus Unregulated 5.69 18 ,82 3.09 6,73
(a+b+c
Total without 4.61 14 .71 2 .61 5. 41

Regulated Loss
(a+c)
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and assuming power regulation is not needed would require 21,7 waits. The upper
power requirement for a triad gyro and accelerometer system would be 76.6 watts
if the high angular momentum gyros are used, less power efficient accelerometer
modules are used, and the requirement that power regulation be performed in each

" inertial component module is invoked,

(1) The A/D device takes a peak power of 2 watis, By power mode control
this deviceis full "ON" only 10% of the time in non-test or flight usage.
During laboratory tests it may be full "ON.,"

(2) The heaters have a peak demand of 10 watts/zone at start-up, The
average heater power requirement, after siabilization, of 1 watt can be
further reduced by more exotic thermal control strategies but at an

additional expense,
3.6 Submeodule Materiale and Processes

To achieve the performance, flexibility and reliability required for the
functionalized module concept at low cost will depend to a large extent on the choice
of effective materials and processes for the submodule fabrication, Hybrid substrates,
component selection and attachment, deposition techniques, chip types, multilayer
boards and connectors currently available or anticipated as mature technology in
the next two to three years form the basis of the design study and comments on the
more impeortant elements are included in the following paragraphs,

1) Hybrid Substrates

For the present, the assumption is made that the materials selected
will not be influenced by radiation levels. Radiation levels which would
substantially degrade, femporarily or permanently, the materials identified
are not anticipated,

Bagic to the design and fabrication of hybrid circuitry is the method of
semiconductor attachment. Of the many methods proposed and actually used,
only two have gained wideacceptance, Oneisthe familiar chip brazing followed
by bonding using thermocompression with gold wire or ultrasonic withaluminum
wire, Good chip brazing provides the best thermal transfer out of the chip.
Epoxy bending as a substitute for brazing has gained wide acceptance and
offers several advantages, All of these operations tend to be tedious and
repair is not facilitated, The second method uses a special chip with beam
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leads formed onit. The chip can be placead face down and all the leads bonded
simultaneoulsly. Conceivably, all the leads of zll chips on one circuit could
be bonded at once, The major drawbacks are the need for special chips and
the lower power dissipation capability of the chip. We have chosen to use
beam leads wherever possible and epoxy and wire bonded'chips when beam
leads are not available. Such techniques as spider bonding, evaporated
connections, BLIP and planar coax, as possible means of avoiding chip
processing problems, have not been considered in this study because these
schemes have not yet passed into the pilot line or production stage and their

use would pose a substantial risk,
2) Selection and Attachment of Components

The conductor area which mates with the semiconductors should be pure
gold, either plated or fired, for good bonding, Solder does not bond well to
gold; therefore, a second conductor material such as a platinum=-gold alloy
should be used where soldering is to be done. Only brazing and/or

. thermocompression bonding techniques should be used,

Thick film resistorsare recommended down to 1% tolerance, For lower
than 1% tolerance, photo etched metal film resistors (such as built by Vishay)
should be used. They should be bonded in place and soldered or conductive

5 chms)

epoxy connected, Small chip resistors (30 x 30 mils and 5 1o 10 x 10
may be used in place of the thick film resistors. These are secured with

. adhesive and wire bonded,

Chip capacitors should 'be used in most applications, They should be
connected in the circuit using solder or conductive epoxy. Small value capacitors
may be silk screened, particularly if it is necessary to screen crossovers,
The capacitors canthen be made at the same time. Inductors should be mounted
asdiscretes using epoxy to attach them to the substrate and solder or conductive
epoxy to connect them into the circuit,

The package should be all alumina for strength and thermal conductivity,
except for the kovar top, which is brazed or soldered in place. Leads should
exit onapproximately 50 mil centers, The maximum cavity size accommeodates
a 1 x 2 inch hybrid eircuit, The hybrid circuit should be cemented in place
in the packagé and connectied to the input-output leads usin;g" wire bonding,

Since many square waves are used, considerable care in packaging to
reduce noise is.required, This reduction can be accomplished by spacing
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critical leads as far apart as possible and by the liberal use of ground planes
in mother boards and on the backs and covers of hybrid packages. Lines on
the mother board can be separated by separate ground lines where necessary,

The high power density caused by dense packaging requifes that special
attention be paid to the thermal design, Thermal preoblems can he solved by
designing mechanical members, electrical connections, and connectors as
adequate heat paths in preference to the introduction of additional material

for this function,
3) Size Estimates of Hybrid Circuits

Table 3.6-1 shows the sizes of components used in calculating the total
areasnecessary for hybrid circuits. Theseareasare estimated conservatively
to allow for alternate production techniques and to encourage high yields,
More dense packaging might allow a reduction in size of up to 50% but at a
substantial increasein price, and with added problems inassembly and possibly
reduced reliability. Components such as inductors are sized on an individual
basis. They are normally approximated by using twice the square of the
diameter or twice the major area of the component,

The hybrid circuit is contained in a hermetic package to prevent
deterioration from theatmosphere with time, The maximum circuit thickness
is normally 0.125 in, The dimension of the thickest component determines
the thickness of the package. A rugged top and bottom, adding .075 in, is
necessary becauseof theanticipated large size of the substrate (about 1 in x 2
in}). The wall of the package adds 075 in to the sides of the package and the
wall, Package internal input/output pads add ,125 in to each side where leads

exit,

Two principal approaches for interconnecting the packaged hybrid eircuits
are to connect the hybrid to a PC card mounted on a header and plugged into
a mother board system, or to provide each hybrid ecireuit with an edge card
type connection instead of leads, The second approach reduces the volume
considerably but introduces problems in providing adequate thermal paths in
the assembly, Inaddition to the packaging volume required for interconnecting
a hybrid beoard into a submodule, an additional volume is required to intercon-
nect these submodules. For the module volume estimates in Section 3.5, it
was assumed that the submodule's interconnections are 1.3 times the volume
of the electronic submodules,
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Table 3.6~1

Hybrid Circuit Sizing Information

Area

(Sq, In.)
1% Resistor .03
01% Resistor .10
Dipde .03
Transistor .03
OP amplifiers .04
Logic Circuit 16 leads .06
LSI 36 leads .12
Capacitors (NPO)
10-180pf .03
180-100pf .03
100pf—,015mf .20
Capacitors (k8000)
.01-,056 mf .03
L0506=,27 mf .08
27~1,5 mf .30
1,5=-3.3 mf .70
Terminals .01

3.7 Thermal Design Factors - Introduction

The design of a temperature control system for the standardized, strapdown
inertial compoheht modules is primarily dictated by the module performance
requirements, the impact on the standardization and submodularization concepts
costs, and reliability, An efficient thermal design results from an optimum
combination of control of the thermal impedance of the mass.to be temperature
regulated and the designof the associated temperature controller, Variocus methods
of regulating the thermal impedance between a heat source and a heat sink include
the use of mountsto decrease thermal contact, the employment of additional fasteners
or filler materials to increase thermal contact, the application of different surface
finishes to control radiation, the orientation of certain surfaces in order to heat or
cool by convection, the use of radiation louvers, the use of thermal fuzz, the control
of coolant temperature and flow rate, use of heat pipes, etc, The prospects for
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combining the use of these thermal impedance techniques with the standardized and
modularized ceoncept designs without excessively proliferating the affected
submodules appear unlikely, The temperature controller design will have to bear

the principal burden,

The design of thetemperature controller is dependent onthe type of temperature
sensor and thermal power source used., Thermostats, thermistors and resistance
wire are the most frequently used temperature fransducers. Typical thermal power
sources are: conventional heaters, thermoelectric elements, and positive
temperature coefficient regulators. Other factors influencing the temperature
controller design are inertial component characteristics such as, the power/heat
dissipation rate, temperature sensitivity, thermal response, sensor and heater

location and thermal resistance,

The following types of itemperature conirol systems were considered in this

gtudy.

On-Off (Limit Switching)
Positive Temperature Coefficient {Passive Regulator)

a

Proportional {dc)
Pulse Width Modulated
Computer Programmed

o

o

Thermoelectric

Zonal

L = O A o W e
o

Heat Pipes

The first type, using a creep type bimetallic actuator, is simple, inexpensive
and accurate enough to provide the +5° temperature control which is probably more
than adequate for low performance modules, Contact life limits the reliability. A
mercury-in-glass désign provides better performance, still at low cost, and an
extended life characteris‘tlic. This unit would be used in conjunction with a simple

switch submodule to limit the contact switching currents,

A passive self-heating and temperature sensing device is another simple, low
cost temperature controller for low performance modules, Inthis system the voltage
is applied directly to the PTC element whicﬁ self-heats to a predetermined
temperature at which point the resistance changes abruptly thereby regulating the
current and the heat input. At present these devices are available only at a limited
number of discrete temperatures, For the standardized module concept this type
of controller would be mounted on the inertial instrument submodule,
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Two types of controllers are available in the generic class of proportional
controllers, one ahalogue and the other digital, The digital type is identified as a
pulse width modulated controller. For moderate, and high performance modules, a
proportional controller with higher accuracy circuit components is required to
achieve a high performance sﬁb'moc-;lu-le. Several of these controllers would be
required for those high performance applications where zone temperature control

is used for the gyro.

The pulse width modulated terﬁperature control circuit can be adapted to be
remotely controlled by a programmed computer, By controliing the switching
frequency and the ratio of on-time to off-time of the chopper transistor with a pulse
width modulated (PWM) source, the rate of temperature change and the temperature
control can be programmed, In practice, this approach could include provision for
a lower inertial component temperature when the system is ih standby to save power,
It could also respond io software initiated instructions to achieve flexibility for a

standardized design,

Two additional approaches to temperatu;e control were also considered in

this study. These are thermoelectric and heat pipe.

Thermoelectric devices consist of pellets of dissimilar semiconductor
materials sandwiched between metial plates, They act asa bipolar heat pump, capable
of both heating and cooling depending on the direction of cirrent flow, The bipolar
characterisiic allows substantial savings in temperature control power by setting

the system operating point at zero nominal control power,

The thermoelectric devices can be.controlled either by a DC proportional
controller or by a pulse width modulated contreoller, Compared to thermal control
systems using conventional heaters, power requirements for thermoelectric control

for some applications are reduced by 80 to 90%,

The dynamic response of a system using thermoelectrics can be far superior
toa system using only heaters, Thermoelectrics at low heat loads can also control
amuch greater heat flow than the power required to cperate them, This advantage,
however, is offset by the low voltage required to operate these devices, causing

losses in the electric power conversion process,
Costs for thermoelectric control based on current technology are significant

and this approach would probably be used only as a special installation to satisfy a

unique system requirement.
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The heat pipe shown inFig, 3.7-1 is a high performance heat transfer device
which can transport heat at high rates with very small femperature gradients, It
consists of a container enclosing a volatile fluid that removes thermal energy from
one part of the container by evaporation and transfers this energy to another part
of the container by condensation, The capillary action of a wick returns condensate
to the evaporation area, providing continuous transfer of thermal energy with
essentially no temperature gradients, Two types of heat pipes are available, both
operating on the same principle, One iype simply transports heat: the other type
also maintains a constant temperafure, The constaht temperature pipe includes a
reservoir at the condensor section, This reservoir holds a noncondensible gas
which provides a temperéture-stabilizing gas-vapor interface,

Advantages of heat pipes in addition to their efficient heat transfer capability
are that they have no moving parts, are simple, and are completely self-contained,

RETURN
FLOW

VAPOR
CHANNEL

Fig. 3.7-1 Basic Heat Pipe Configuration

50



Application of heat pipes ininertial systems has beenas an integrated element
of the inertial instrument, In this context it does not affect the standardized
modularization concept. Further consideration of this approach external to the

instrument for use in moderate and low performance modules may be warranted,
4,0 Conclusions and Recommendations

This preliminéry strapdown meodularity study has presented the means and
advantages of developing common strépdown inertial component modules, The
significant gain inreduced cost of ownership with the modularity appreach resulting
from ease of maintenance, increased reliability and producibility over present inertial
system design practices was discussed, It was shown that three classes of modules
(high, moderate and low performance) would be required to meet the various system
needs, I has determined a group of candidate instruments representing the three
performance classes and discussed the incompatibilities which must be taken into
account in a standardization program, Electronic design, hybrid packaging and
thermal conirol considerations as applicable to the different module classes were

presented.

To demonsirate the significant advantages of the modularity approach, this
study should be extended {0 a hardware demonstration, A typical hardware

demonstiration might include the following phases:

1) determine a common module interface, The common inertial component
interface would be determined by studying the requirements for current
and anticipated spacecraft and military applications. Considerations
such as anticipated environments, available voltages and required
performance would be used to evolve a standardized mechanical and

electrical module interface,

2} test breadboard elecironics with different inertial instruments to
demonstrate that a set of electronics can be constructed to mate with
the candidate instrumentsand yield a common interface with the required
level of module performance, This task should first approach the low
performance module application, The lower component cost and
performance redquired for that module will offer an economical
demonstration program. The program could then be extended to include

a limited number of moderate performance inertial components,
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3) design and build hybrid circuitry to demonstrate that size, power, cost,
reliability and pérformance goals can be achieved with an actual design. -
This task should be demonstirated ona single submodule. For example,
a pulsetorque power supply can be designed and built as hybrid circuits,
Such a configuration will afford a demonstration of packaging techniques,
sizes, power component availability, reliability and performance. The
resulting hybrid module would be evaluated with the various inertial

components as described previously in phase 2,

In addition to the single-degree-of-freedom instruments used in this study, a
comprehensive modularity study should consider two-degree-of-freedom instruments

and multisensors.,
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